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MECHANICAL PROPERTIES OF WHISKER-REINFORCED CORDIERITE GLASS
MATRIX COMPOSITES
John R. Dillingham
Ceramic Engineering

ABSTRACT
The development of a whisker-reinforced ceramic matrix composite
has been shown to be a reasonable method of achieving improved
mechanical properties for ceramic materials.
In this work a cordierite
matrix was reinforced with 20vol% of silicon carbide whiskers.
The
mechanical properties of this composite were compared to those of the
nonreinforced cordierite matrix.
As would be expected, the whiskerreinforced matrix showed a significant improvement in mechanical
properties.
The specimens used for testing were processed by hot-pressing in an
argon atmosphere using a graphite die coated with boron nitride.
Hot
pressing was carried out at 950°C for the pure matrix and 1050°C for the
SiC-reinforced matrix; a pressure of 6.9 MPa was used in all cases. After
pressing to full density, the glass was then heat treated to attain proper
recrystallization. The specimens were then cut into rectangular bars and
tested for ultimate strength and fracture toughness (K|C).
The pure
cordierite matrix was found to have an average ultimate strength and K|C
of 84 GPa and 5.0 MPa‘ m i/ 2 , respectively.
The SiC whisker-reinforced
matrix had an ultimate strength and K|C of 161 GPa and 7.0 MPa'nm ^,
respectively.
INTRODUCTION
Benefits of using

ceramic

materials
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are

typically

high strength,

temperature resistance, stiffness, chemical durability, and light weight.
However, their brittle nature prevents them from being commonly used in
structural
applications.
To improve the mechanical properties of a
ceram ic, it is often
reinforced
with
w hiskers
or
continuous
fibers.[1][2][3][4]
In this research a ceramic matrix was reinforced with
randomly distributed SiC whiskers.
The addition of the whiskers effects
the manner in which a crack travels through the material, making it more
difficult for the crack to propagate and increasing the amount of energy
needed to cause failure.[4]
The type of failure encountered with the
whisker-reinforced matrix is still catastrophic, resulting in an unstable
stress vs. strain curve, but the strength and K|C are enhanced.[5]
An advantage of using whiskers instead of continuous fibers is that
they can
be mixed easily with the matrix powder and hot-pressed.
Continuous fibers are more effective at improving the toughness, but
require more difficult fabrication methods.
Intricate components can not
be made with continuous fiber-reinforcement, so whiskers are the most
effective reinforcement for intricate components.
In selecting the manner of testing the tensile strength of a ceramic
material a bend test is the usual method, not by choice, but out of
necessity. The preferred method of testing tensile strength is using a dog
bone shaped specimen and applying a force in opposite directions at each
end of the specimen until failure.
Because of the brittle nature and
difficulty in producing a ceramic of this shape, tensile testing is not
common for ceramic materials. For this research effort a four-point bend
test was used to measure the ultimate strength and K|C of the materials.

EXPERIMENTAL PROCEDURE
Sample preparation:
The materials used were a less than ten micron cordierite powder
(fig. 1) and SiC fibers which had a diameter of one-half to one micron and
length of ten to forty microns (fig. 2).
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Figure 1.

SEM Picture of Cordierite Powder (1 bar = 10 microns)
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Specimens of pure cordierite and cordierite reinforced with SiC whiskers
were prepared.
All specimens were hot-pressed at 6.9 MPa in an argon atmosphere
(primarily to protect the furnace) using a graphite mold coated with boron
nitride to ease in the removal of the specimen from the mold.
The
resulting specimens measured forty mm in diameter and approximately
five mm thick.
The cordierite specimens were made by simply hot
pressing the pure cordierite powder. To make the cordierite specimens
reinforced with 20vol% SiC whiskers, the powder and whiskers were
mixed with isopropyl alcohol and ball milled overnight.
They were then
poured into a glass beaker and allowed to dry. After drying, a mortar and
pestle were used to lightly grind/mix the dried material in order to
reattain the powder form.
The powder was then hot-pressed to
approximately the same dimensions as the pure cordierite.
Upon completion of hot-pressing, all specimens were heat treated to
allow recrystallization.
The following heat treatment schedule was used
(all temperatures in °C):[6]
0 - 275
275 - 815
815 - 950
950 - 1150
1150 - 0
Notes :

1.) 815
occurs.

°C

9
@ 2
9 1
2
9 5

°C/min
°C/min
°C/min
°C/min
°C/min

is the tem perature

+
+
+
+

1
3
6
2

hr
hr
hr
hr

soak
soak
soak
soak

at which

crystal

nucleation

2. ) 950 °C is the temperature at which densification occurs.
3. ) 1150 °C is the temperature at which desired crystallinity
is achieved.
Densities greater than or equal to 98% and 97% were obtained for
the pure and w hisker-reinforced cordierite respectively, using the
Archimedes method of calculating density.
The pure cordierite powder
hot-pressed easily to near full density, with almost no visible porosity
(fig. 3).
The whisker reinforced cordierite powder proved to be more
difficult to density, with noticeable porosity present under SEM(fig. 4);
however, the amount of porosity that appears to be present seems to
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contradict the relatively high density found using Archimedes’ method.
It
is believed that some of the porosity may have resulted from damage to
the surface while “cutting” the reinforced specimens, due to the extreme
hardness of the SiC whiskers.

Figure 3.

SEM Picture of Hot-Pressed Cordierite Specimen

-123-

Figure 4.

SEM Picture of Hot-Pressed, Whisker-Reinforced Cordierite
Specimen

The specimens were then cut into rectangular bars approximately
3.5mm by 5mm and a minimum length of 32mm, with a high speed diamond
saw.
The four-point bend tests were carried out with an Instron 4204
load frame using alumina fixtures.
Specimen testing:
To find the ultimate strength and K|C, five pure and five whiskerreinforced cordierite specimens w ere tested.
Ultim ate strength
calculations were made using the following equation:
ultimate strength = P(5mm)(W/2)/l

(1)

K|C was calculated using the following equations from ASTM Designation: E
399-83, with minor adjustments for the use of four-point instead of
three-point bend:[7]
Kic = 2/3[(PS/BW3/2)*f(a/W)]

(2)
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where:

f(a /W )

3 (a /W )i/2 [1 .9 9 -(a /W )(1 -a /W )(2 .1 5 -3 .9 3 a /W + 2 .7 a 2 /W 2 )]
= _____________________________________________________ (3)
2( 1+2a/W)( 1-a/W )3/2

where:
P = applied load
W = specimen depth
I = moment of inertia
S = span (distance between bottom supports)
B = specimen thickness
a = crack length
Elastic modulus was found from the slope of the stress vs. strain curve
resulting from ultimate strength tests.

RESULTS
The results were as expected. The cordierite specimens reinforced
with 20vol% SiC whiskers showed improved strength, K|C, and increased
modulus of elasticity,
The average values for five specimens is as
follow s:
PURE CORDIERITE

CORD. WITH 20vol % SiC

121

154

ultimate strength (GPa)

84

161

K|C (MPa*m i/2)

5.0

7.0

elastic modulus (GPa)
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TABLE I. ULTIMATE STRENGTH
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CONCLUSION
The results of this research are not new to the ceramic engineer, but
just emphasize the impact that a second phase in a brittle ceramic matrix
can have in improving mechanical properties. Currently, a further study
evaluating the effect of thermal fatigue on mechanical properties of
whisker-reinforced cordierite composites is being undertaken.
The effect
of thermal fatigue on the mechanical properties of ceramics is less
familiar. The effects of repeated expansion and contraction of a
composite material causes more interactions between the matrix and
reinforcing material to take place.
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